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Summary 
The results of a niodel rotor acoustic test in the 

Langley 4- by 7-Meter Tunnel were used to evalu- 
ate a free-wake analytical technique. The acoustic 
data were examined in detail for blade-vortex inter- 
action acoustic waveform characteristics. These re- 
sults were used in an acoustic triangulation technique 
to define the location in the rotor disk of the noise 
source. These locations, along with the results of the 
free-wake analysis, were used to define the geometry 
of the blade-vortex interaction phenomena as well as 
to determine if the free-wake analysis is a capable 
diagnostic tool. 

The model used for the investigation was a 
'/+scale ( 12-ft-diameter rotor) representation of 
the UH-1 helicopter. Two rotor systems were 
evaluated-the standard UH-1 rotor with rectangu- 
lar blades and an advanced version with tapered 
blades. Several reports evaluating the aerodynamic 
and acoustic performance benefits or penalties of the 
advanced rotor system compared with the standard 
rotor system have been published. This report, how- 
ever, uses the acoustic data results from the test as 
an evaluation tool to develop a better understanding 
of the mechanisms of blade-vortex interaction and 
does not address any relative performance issues. 

The results of the correlation of the experimen- 
tally determined source location and the analytically 
generated wake geometry for the rectangular blades 
are encouraging. The free-wake analysis successfully 
predicts the occurrence of blade-vortex interaction 
and is able to provide information on the interaction 
geometry. In the case of the advanced rotor system, 
the correlation between analysis and experiment is 
poor. The reason for the poor correlation may be re- 
lated to the selection of the point on the rotor blade 
where the vortex is defined as being generated. Ad- 
ditional information is needed to provide a better 
understanding of the wake geometries developed by 
nonrectangular rotor blades. 

Introduction 
Blade-vortex interaction (BVI) noise, when 

present, is independent of the number of blades on 
the helicopter. Every helicopter experiences this phe- 
nomenon in varying degrees, and because the energy 
content of the BVI mechanism is in the midrange 
of the human hearing spectrum, it is of considerable 
concern to the heliport operator, worried about com- 
munity acceptance, as well as to the military, worried 
about detectability of the aircraft. This noise source 
typically occurs during low-power descending flight 
in which low rotor-disk inflow causes the rotor wake 
to be blown back into the rotor disk (refs. 1 and 2). 

The rotor wake is imbedded with concentrated 
vortices shed from previous blade passages, and the 
close encounter of a rotor blade with these vortices 
can cause the distinctive blade slap sounds. Some 
very recent work has concentrated on the physics 
of the interaction process and has shown that the 
acoustic emission depends critically upon the vor- 
tex path and orientation at each intersection (ref. 3 ) .  
Other researchers have looked at the deformation of 
the transverse vortex as it encounters a lifting body 
and how its path is altered (ref. 4). Although in- 
formative, these fundamental studies cannot account 
for the complex flow field of the helicopter wake in 
forward flight. 

The vortex paths, in a simplified rotor-wake ap- 
proximation, are helical patterns convected rearward 
away from the rotor at the free-stream velocity and 
downward at the momentum inflow velocity. The ac- 
tual helicopter rotor wake is not as simple as this 
approximation. The tip-vortex paths depend heav- 
ily on the interaction of the tip vortices with all the 
blades, on the interaction of the tip vortices with 
other vortices in the flow field, on the presence of 
the fuselage, on the turbulence of the free stream, 
and on a myriad of other possible distortion effects 
which are not fully understood. Close to the rotor, 
the most pronounced effects on the helical pattern 
are probably the large vertical motions of the vortex 
paths caused by the bound circulation of a nearby 
blade. These abrupt vertical motions cause the vor- 
tex to be convected into or very near the path of a 
rotor blade, setting up the kinds of interactions noted 
in references 3 and 4. The critical factor in under- 
standing the BVI process and in being able to predict 
the noise propagation from this phenomenon is the 
ability to predict the position and the geometry of 
the blade-vortex interaction. The free-wake analysis 
(refs. 5 and 6) is a tool which allows the rotor-wake 
analyst to study the wake structure of a fully con- 
verged rotor-blade wake interaction process. 

The results of a scale-model helicopter acoustic 
test have been used to provide a measure of confi- 
dence in the free-wake analyses through use of the 
acoustic data and an acoustic triangulation tech- 
nique to identify the location in the rotor disk where 
blade-vortex interaction occurred. The triangula- 
tion was used successfully in reference 7 on acoustic 
data acquired from a four-bladed rotor system and 
again in reference 8 on another four-bladed rotor sys- 
tem. The wake analysis (refs. 5 and 6) was used for 
both programs. In reference 7, the free-wake module 
was used; however, in reference 8, a prescribed-wake 
module was used. The prescribed-wake module 
is a first-level, generalized-wake model and is de- 
signed to reduce the computation time required for a 



complete distorted-wake calculation. The use of the 
generalized-wake module was relatively unsuccessful, 
probably because the geometry of the rotor model 
used for the tests was not the same as that used 
to generate the generalized-wake (prescribed-wake) 
code. Consequently, this report concentrates on the 
free-wake module from references 5 and 6. A large 
amount of computer time was needed for complete 
convergence; however, the details of the complex 
rotor-wake environment were considered to be well 
worth the additional expense. 

The data used in these analyses were acquired 
in a n  experimental program defined in references 9 
to 14. Aerodynamic results are available in refer- 
ences 9 and 10. The high-speed impulsive noise char- 
acteristics can be found i n  references 11 and 12, and 
the BVI noise results are available in references 13 
and 14. 

Symbols 
Rotor l i f t  rotor lift Coefficient, p 7 i R 2 ( f 2 R 1 2  

rotor thrust coefficient, ~ ~ ~ ~ ~ ~ ~ ~ \ ~ t  

standard rotor system blade chord, 
5.25 in. 

rotor drag, Ib 

rotor lift, lb 

sound pressure, dynes/cm2 

rotor radius, 6.00 ft 

local blade radial location, ft 

rotor tip speed, ft/sec 

free-stream velocity, ft/sec 

coordinates for microphone locations in 
tunnel, ft 

rotor tip-path-plane angle of attack, deg 

rotor descent angle, tan-' ( D / L ) ,  deg 

rotor advance ratio, V m / V ~  

free- s t r eaiii de I 1 sit y , s 1 u g / ft '' 
rotor rotatioiial speed. rad/scc 

GRMS general rotor model system 

SRS standard rotor system 

Test Apparatus 

Helicopter Model 

The general rotor model system (GRMS) (ref. 15) 
was mounted in the Langley 4- by 7-Meter Tunnel 
for this investigation. The fuselage was a '/+scale 
representation of the UH-1 helicopter and was 
mounted to the GRMS with a balance to provide in- 
dependent fuselage load data. The rotor system was 
independently mounted on a separate six-component 
strain-gage balance within the model. (See fig. 1.) 
The rotor performance data presented in this report 
were acquired with the rotor balance. 

Figure 2 shows a sketch of the model and 
the two rotor systems tested. Both main rotor 
systems were mounted to a geometrically scaled ver- 
sion of the UH-1 helicopter hub. The standard ro- 
tor system (SRS) was geometrically and dynamically 
scaled to the current UH-1 helicopter rotor configura- 
tion, whereas the advanced rotor system (ARS) had 
a modified blade planform and was constructed with 
dynamic characteristics as close as possible to those 
of the SRS. The ARS had a wider root chord than the 
SRS and had a 3-to-I taper ratio beginning at 0.50R. 
Advanced rotorcraft airfoils (ref. 16) were used, with 
thickness ratios ranging froin 12 percent inboard to 
8 percent at  the tip. Both sets of rotor blades 
were made of fiberglass/Kevlar' composite and had 
a graphite/epoxy composite structural torque box. 
The SRS aerodynamic contours were formed by an 
external fiberglass/epoxy shell with a Nomex2 hon- 
eycomb core in the trailiiig edge. The ARS aero- 
dynamic contours were formed similarly except that 
the trailing edge was formed with a Styrofoam3/balsa 
core. Details of the geometric characteristics of the 
two rotor systems are provided in figure 3 and in 
table I. 

The rotor blades were mounted to a teetering hub 
with cyclic and collective pitch on the blades con- 
trolled by a swashplate driven by remotely controlled 
actuators. Teetering measurements were made at  the 
teetering axis. The rotor was driven by a 90-lip elec- 
tric motor through a transmission. The entire system 
(rotor, transmission, and motor) was mounted on the 
rotor balance as shown in figure 1. 

ARS idvt~Ilced rotor system 

BVI hlade-vortex interaction 

CG center of gravity 

Kelvar: Trade nainc of E. I. d u  Pout dc Nr.monrs & Co., 

Nomex: Trade name of E. I.  d u  Pont de Neriiours & Co., 

Styrofoam: Trade name of Dow Chemical Co. 

Inc. 

Inc. 
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The helicopter model was supported in the wind 
tunnel by a three-joint sting which allowed model 
pitch and yaw control to f45O about a fixed point 
on the model. The three-joint sting was mounted on 
a model support system which allowed height control 
as well as limited additional pitch and yaw control. A 
photograph of the model installed in the wind tunnel 
is presented in figure 4. 

Wind-Tunnel Facility 

The model investigation was conducted in the 
NASA Langley 4- by 7-Meter Tunnel operated in 
the optional open-throat configuration. The rect- 
angular jet entrance to the test chamber is 14.50 ft 
high by 21.75 ft wide. The ceiling in the open-throat 
configuration is simply raised from the closed-throat 
configuration and is approximately 24.6 f t  above the 
test chamber floor. In order to improve the ane- 
choic characteristics of the test chamber, acoustic 
treatment was installed on the test section floor and 
ceiling. This acoustic treatment, which is partially 
visible in figure 4 and is indicated in figure 5, con- 
sisted of fiberglass-filled aluminum panels and open- 
cell polyurethane foam. Aluminum panels 5 in. thick 
were installed on the floor directly under the model 
as a semirigid floor to facilitate periodic mainte- 
nance and modifications to the model rotor system. 
Polyurethane foam 4 in. thick was installed on the 
floor directly upstream of the aluminum panels and 
overhead on the surface of the raised ceiling. An eval- 
uation of the effectiveness of this acoustic treatment 
is reported in reference 17. 

Instrumentation 

The acoustic transducers used for this investi- 
gation were 1h-in-diameter condenser microphones 
fitted with standard nose cones. Eight micro- 
phones were positioned in the flow around the model. 
Figure 4 is a rear-quarter-view photograph of the 
model installed in the tunnel with acoustical treat- 
ment and shows the relative locations of six of the 
microphones. A sketch showing the relative position 
of all components in the test chamber in more detail 
(microphones, model, ceiling, tunnel lip, treatment, 
and so forth) is provided in figure 5. 

Data from five of the eight microphones have been 
used to compute the source-location data in this re- 
port. The locations of these five microphones rela- 
tive to the rotor hub with the model at zero angle of 
attack are presented in table 11. Microphone 2 was 
mounted close to the fuselage under the rotor disk 
in a location shown to be relatively sensitive to BVI 
noise (refs. 18 and 19). Microphone 4 was mounted 
upstream of the model near the plane of the rotor 

disk. Although the position of microphone 4 is not 
considered to be a sensitive location for the measure- 
ment of BVI, time history data from this microphone 
were helpful in some cases in computing the location 
of BVI. Microphones 6, 7, and 8 were mounted up- 
stream of the model as far as possible from the rotor 
at about 30' below the rotor tip-path plane. The 
directivity of the BVI blade slap has been shown ex- 
perimentally (ref. 2) and theoretically (ref. 20) to be 
a maximum in the direction of microphones 6, 7, 
and 8. Signals from each microphone were fed 
through an amplifier-attenuator and into a 14- 
channel frequency-modulated (FM) tape recorder op- 
erating at a tape speed of 30 in/sec tape speed, thus 
providing a 10-KHz bandwidth capability. Blade az- 
imuth and time code were also recorded. 

The acoustic analog signals were digitized 
through use of a conditional sampling technique trig- 
gered on the rotor signal once per revolution. The 
synchronized digitized data provided 1024 equally 
spaced intervals for each revolution. Acoustic data 
were digitized for a period of time equal to approxi- 
mately 50 rotor revolutions. For this particular data 
set, a band-pass filter (set at 10 to 10000 Hz) was 
used in the digitizing process. 

An in-line white noise signal was inserted simul- 
taneously into each data channel to identify phase 
errors. The phase of the cross-power spectral density 
function between any two channels showed that the 
phase errors were less than the time interval of the 
digitized samples; therefore, no corrections to relative 
time measurements because of channel-to-channel 
phase errors were made. 

Operating Procedures 

The test procedures utilized to define the BVI 
envelope for either rotor system were identical. At 
each advance ratio, the simulated descent angle was 
varied from a climb condition with little observable 
BVI to a descent condition with maximum BVI to  a 
high-descent condition with BVI appearing to vanish. 
This procedure provided a matrix of flight conditions 
(fig. 6) at  which both the rotor systems were oper- 
ated. The procedure used to establish each flight 
condition was to set a constant advance ratio and 
then adjust collective, cyclics, and model angle of 
attack to obtain the desired rotor CL. In addition 
to the desired CL,  the adjustments in the controls 
provided zero longitudinal flapping and a small neg- 
ative lateral flapping. The angle-of-attack adjust- 
ments were required to provide the desired simu- 
lated descent angle y = tan-' ( D / L ) .  With the ro- 
tor system at the desired condition, approximately 
30 sec of analog acoustic data were recorded on 
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the FM tape recorder, and model and tunnel infor- 
mation were recorded simultaneously on the tunnel 
data-acquisition system. 

Acoustic Triangulation Technique 
Blade-vortex interaction locations were computed 

with an acoustic ray tracing technique successfully 
used in references 7 and 8. The complete acous- 
tic data for both rotor systems and all microphones 
were carefully examined to identify those data points 
and microphones where BVI inipulses existed. An 
example of it condition for which BVI exists and is 
identifiable i n  several niicrophones is provided in fig- 
iirc 7. This figure shows a 1-revolution sample of 
acoustic (latit for microphones 2, 6, 7, and 8 for the 
SRS at an advance ratio p of 0.124, a thrust coeffi- 
cient CT of 0.00317, and a descent angle y of -0.04'. 
The origin of the data for each microphone corre- 
sponds to the instant in  time when the reference 
lilade passed 0' azimuth. Three positive-arnplitude 
BI'I's are identified i n  the microphone data as 
impulses A, B, and C. Those identified i n  micro- 
phones 2, 6, and 7 were relatively easy to associate 
with each other. In some cases, such as the data for 
niicrophoiic 8, knowledge of the approximate relative 
propagat ion t iiiies between the rotor advancing side 
and cach microphone locat ion wcrc helpful i n  identi- 
fyitig the specific impulse. 

To coiiiputc the soiirce location of the BVI, 
(w-11 acoiist ic time history data file was examined 
in  detail to dcterrnine the exact time interval be- 
tween the tirrit at which the reference blade passed 
Oo azimuth and the time at  which the BVI arrived 
(fig. 7). The propagation tinies were corrected for 
the effect of tunnel speed and then converted to dis- 
tarices of acoustic wave travel with the measured 
speed of sound. The location of the origin of the 
rotor-disk axis system was corrected for deflection re- 
sulting from sting bending according to the amount 
of rotor l i f t  generated arid the measured spring con- 
stant of tlie sting structure. Since the axis system 
was fixed to tlic rotor disk, microphone positions var- 
ied according to the rotor tip-path-plane angle of at- 
tack. Thcsc positions were corrected from the niea- 
surccl niicroplioiie positions at  0' rotor-disk angle of 
a t t  x k  throiigli use of the rncasurcd shaft angle and 
loligitlidinitl fhpping angle. Geometric trinngiilation 
was t hen appliccl with the corrcicted BVI propaga- 
t ioti t inies ;ti id t h t  corrc~ted niicrophont~ positions 
to  arrive at it locus of points iii the truncated cone 
iiiscril)ed l)y tlic rotor l)lades whcrci BVI could have 
occurred. To conipiite the location of the BVI in the 
thrcic-dinirtisioiial triiticated cone, a set of siniulta- 
neoiis fourth-order equations were required with in- 
put from the acoustic data from at least three micro- 
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phones. For each of these possible locations, the ac- 
tual instant of BVI impulse emission was calculated 
as well as the azimuth location of the rotor blades. 
The BVI locations presented are those chosen when 
these two locations coincided within 0.0278R along 
any axis direction. 

Probably the most significant error inherent in 
the source-location calculations is the assumption of 
rigid blade motion. Flapwise bending motion of the 
rotor blades is the largest source of error. In addition, 
the acoustic wave propagation is not corrected for 
nonuniformities in  the fluid medium such as rotor 
and wake interactions. 

Analytical Model 
Thc rotorcraft wake analysis described in 

references 5 and 6 was used for the predictions in 
this report. The results of this code, the local tinie- 
varying blade circulation distributions, were used as 
input to a free-wake module. The free-wake mod- 
ule, in turn, computed a fully interactional wake ge- 
ometry which was used as input for the rotorcraft 
wake analysis. This iteration process typically re- 
quired five to seven cycles before acceptable conver- 
gence was attained based 011 the blade circulation dis- 
tribution. This code did not model any components 
on the helicopter except the rotor system; there were, 
therefore, no fuselage intcrnctional effects included in 
the calculations. 

In these aiialyses, each blade was represented by a 
segmented lifting line, and the helical wake of the ro- 
tor was represented by discrete segniented vortex fil- 
aments. The strength of each trailing-vortex segment 
was a direct result of the spanwise variation of bound 
circulation at the time of tip-vortex generation. The 
converged solution included a full wake geometry, or 
blade tip-vortex paths. The full-wake-geometry data 
were compared with the calculatetl values for rigid 
blade motion in a detailed point-by-point fashion to 
determine probable BVI's. If the distance between 
the vortex and the filament was foiirid to be within 
0.03R in any direction, the geometric characteristics 
of the BVI were recorded. 

The inputs for the analysis included rotor geome- 
try, rotor operating conditions, rotor flow-field char- 
acteristics, and program control. The inputs were 
carefully prepared from the aerodynamic data ac- 
quired diiring each acoustic data run. The blade was 
divided into nine segments and the wake calculations 
were iiiade at  15' azimuthal time steps for 5 rotor 
revolutions. 

A sample plot of a fully converged rotor wake 
is presented i n  figure 8 for a blade azimuth of 60' 
and 240'. Figure 8(a) is a view froni above and to 
the left rear of the rotor system and points out those 



filament-blade locations where BVI could occur. Ver- 
tical distortions of the filaments occur predominantly 
at the edge of the wake in a rolled-up pattern similar 
to that of a fixed-wing wake. Figure 8(b) is a view 
from just above and directly behind the rotor and 
clearly shows the large vertical motions of the vortex 
filaments. The possible BVI's identified in figure 8(a) 
were a result of a vertical motion of each filament as 
it was influenced by the passage of a rotor blade. 

Discussion Of Results 

Acoustic Data Results 
The acoustic data and results of the source- 

location calculations pertinent to this report are in- 
cluded in the appendix. Figure 9 presents a sample 
of the data in the appendix displayed as an acoustic 
time history cascade. At each descent angle, acoustic 
data for a half of a rotor revolution are presented, al- 
ways beginning at the time when the reference blade 
passed 0' azimuth. The method of presentation al- 
lows the reader t o  visualize the migration of the BVI 
impulses as the descent angle varied. For instance, in 
figure 9 at large negative descent angles (climb) , im- 
pulse A is evident but impulses B and C are not. Im- 
pulse C begins to be evident at y = -2.05', and im- 
pulse B becomes evident at y = -0.04'. Impulse A 
is always present whereas impulses C and B are 
not present for descent angles greater than 2.79'. 
The data from microphone 6 (fig. 9(b)) show that 
impulses A and B are evident throughout the de- 
scent envelope tested. Each impulse has a charac- 
teristic waveform that seems to distinguish it from 
the other, and that waveform is carried through at 
each advance ratio and thrust coefficient. These 
different characteristics suggest different source 
mechanisms such as vortex strength, vortex age, 
blade-vortex interaction angle, or blade-vortex ver- 
tical separation. Waveforms that are broad (such as 
impulse C) produce an energy content at lower fre- 
quencies than waveforms that are sharp and distinct 
(such as impulse A). 

Because the impulses have distinctly different 
waveform characteristics, each particular impulse 
displayed in the time histories can be localized with 
reasonable confidence in the results. The triangu- 
lation routine requires that the same impulsive sig- 
nal be identified in at least three microphone signals 
and that these phenomena be identifiable very ac- 
curately in time. Without this restriction, the ac- 
curacy of the source location would be very poor, 
and because of it, not all impulses evident in the 
time histories can be localized. For instance, for 
microphone 7 at  y = -0.04' (fig. 9(c)), three pos- 
sible BVI impulses exist. Impulses A and C can be 

identified, but it is unclear which impulse can be la- 
beled as B, which is clearly identified in the data for 
microphone 2 (fig. 9(a)). It is possible that a 
retreating-side BVI is buried within these data, but 
it is not easily identified. 

The results of the triangulation calculations are 
also included in the appendix. Figure 10 presents a 
sample figure from the appendix where the data cor- 
relate with the acoustic time history data in figure 9. 
The data points in figure 10 represent source-location 
calculations for all descent angles available for the 
advance ratio and thrust coefficient represented in 
figure 9. The source locations in figure 10 have been 
identified as to waveform shape so that the results are 
compatible with the information presented in time 
history format in figure 9. For example, three BVI 
locations are identified in figure 10-A, B, and C- 
and they are the same as those identified in figure 9. 

An example of the variability of the BVI source 
location as a function of the descent angle at a con- 
stant thrust coefficient and advance ratio is presented 
in figure 11. The data show the radial and azimuthal 
position of the BVI source (impulse A) as a func- 
tion of descent angle for the standard rotor system 
at an advance ratio of 0.104 and a thrust coefficient 
of 0.00313. In general, as the descent angle increases 
the azimuth of the BVI tends to migrate towards 90'. 
These trends existed for most of the data presented. 

Most of the source locations computed for this 
data set were in the first quadrant (Oo to 90' 
azimuth), as was the case in references 7 and 8. 
References 21 and 22 have implied the existance of 
retreating-side BVI. If such a phenomenon exists in 
these data, there is no proof; however, it is important 
to remember that this source-location technique re- 
quires absolute identification of BVI's in the data for 
three microphones. Only the very strongest BVI's 
will be identifiable in the microphone data (particu- 
larly in more than one microphone). The retreating- 
side BVI may be buried in some of these data, but it 
cannot be specifically identified. 

In the data there is no obvious trend of source 
location with increasing advance ratio. Consistently, 
impulse B was found outboard of impulse A, and 
impulse C was found inboard of impulse A. (See 
fig. 9.) These results suggest the possibility of a 
correlation of the source location with a particular 
vortex, with the free-wake analysis being used to 
identify the vortex. 

Analytical and Experimental Comparison 

It has been suggested and shown by limited flow 
visualization in reference 23 that, in the immedi- 
ate vicinity of the rotor disk, the plan view of the 
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rotor-wake geometry conforms to an undistorted clas- 
sic helical path. This helical path traces a point near 
the blade tip from the location where the rolled-up 
tip vortex originates. One may conceivably sketch 
this pattern in plan view and be able to draw con- 
clusions about the possible BVI locations in the rotor 
disk. From the plan view the complete path of the 
vortex across the rotor disk must be chosen as pos- 
sible interaction sources unless specific information 
about the vertical motion of the vortices is available. 
These conclusions leave a broad area of possible in- 
teraction that encompasses a large portion of the 
rotor disk. It is known from considerable work 
in free-wake analyses and rotor-wake measurements 
that the blade tip-vortex paths do not follow a ver- 
tical path consistent with average momentum down- 
wash velocity (refs. 23 to 25). These vortices are, 
in fact, greatly affected by the passage of the bound 
vorticity representative of a rotor blade, especially in 
the near wake of the rotor. In some cases the vortices 
pass up through the rotor disk and exist above the 
path of the blades for long periods of time (ref. 24). 
This passage of the rotor tip vortices through the 
disk gives rise to the BVI phenomena. The occur- 
rence of this motion is critical to the isolation of the 
BVI phenomena locally in the rotor disk. The results 
of the rotorcraft wake analysis code utilized in this 
report address these vertical excursions. 

Several model operating conditions were chosen 
for comparison of the experimentally determined 
BVI source with analyses. These conditions were 
as follows: 

Figure 

Standard rotor system-p = 0.124: 
. . . . . . .  CT = 0.00314; y = -2.05' 12(a) 

CT = 0.00314; = -1.02' 12(b) 
CT = 0.00319; y = 1.83' W C )  
CT = 0.00317; y = 2.79' W d )  

. . . . . . .  
. . . . . . . .  
. . . . . . . .  

Advanced rotor system: 
CT = 0.00304; p = 0.146; y = -1.28' . . 13(a) 
CT = 0.00310; p = 0.146; y = 3.56' . . .  13(b) c;;. = 0.00319; p = 0.157; y = 1.42' . . .  13(c) 
CT = 0.00324; p = 0.157; = 5.42' . . .  13(d) 

Figures 12 and 13 are presented in polar coordinate 
format showing the particular BVI encounter mea- 
sured in ' the acoustic data as plus signs inside an 
elliptical area and the predicted BVI encounters as 
shaded areas. The predicted encounters were chosen 
based on the criteria that a tip vortex had to pass 
within 0.03R of a rotor blade in any direction. In 
some cases the predicted encounter on the retreat- 
ing side of the rotor disk was the same vortex as 

that on the advancing side. Two full-wake represen- 
tations are provided in figures 14 and 15 and illus- 
trate the wake geometries used for the predictions in 
figures 12(a) and 12(c), respectively. In figure 14, all 
tip-vortex paths are displayed for 5 revolutions, and 
the predicted BVI's are highlighted as shaded areas. 
It is clear in this figure that use of the free-wake cal- 
culations reduced the extent of possible interaction 
locations substantially compared with use of the clas- 
sic helical wake to define the location of BVI's. 

After detailed examination of the wake-geometry 
data file on a point-by-point basis, it is possible to 
conclude that BVI impulse A was a result of an in- 
teraction of a tip vortex generated by a blade when 
it was at an azimuth of 105O, thus providing an indi- 
cation of the relative strength of the vortex. In ad- 
dition, the vortex was 1 complete revolution old and 
was interacting with the same blade that generated 
it. The free-wake geometry predicted that before in- 
teraction the vortex was in a path that was above the 
rotor disk. Figure 12(b) and its corresponding wake 
geometries (not shown here) show identical results. 

At first glance, figures 12(c) and 12(d) seem to 
indicate that BVI impulse C in fact may have been 
in the same location as BVI impulse A (figs. 12(a) 
and 12(b)) and may not have been another BVI. 
This, however, is not the case if the full wake ge- 
ometry is examined in figure 15. The shaded area, 
which appears in figure l2(c) to agree with BVI 
impulse C, is shown in figure 15 to have been caused 
by a different BVI. The interaction occurred with a 
vortex that was generated at  150' azimuth and was 
1V2 revolutions old. In fact, the interaction was with 
the vortex of the opposite blade and occurred when 
the vortex was pulled down from above the rotor disk, 
as was the case with BVI impulse A of figure 12(a). 

With these events in mind, let us look at  the 
time history representation of figure 9(a) for 
microphone 2. At a descent angle of -1.02', BVI 
impulse A appears to be crisper and sharper than 
BVI impulse C. The positive side of BVI impulse A 
is steeper than that for BVI impulse C, whereas 
impulse C tends to be broader throughout the de- 
scent angle range. This waveform difference is 
probably caused by either the increased age of im- 
pulse C or a slight difference in vertical spacing be- 
tween blade and vortex. The results of reference 3 an- 
alytically have shown similar kinds of waveform vari- 
ations with vertical separation variations between the 
vortex and blade. 

The results of the analyses for the advanced rotor 
system are not as successful as those for the stan- 
dard rotor system. Figure 13 presents the compar- 
ison of analysis with experimentally determined in- 
teraction locations and shows poor correlation. Little 
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experimental information is available concerning the 
wake geometry generated by a tapered blade plan- 
form such as this. In the analysis, the tip vortex is 
assumed to trail from the tip of the blade; however, 
it is more likely that for a tapered blade the con- 
centrated trailing vortices leave the blade at some 
location inboard of the tip, perhaps even as far in- 
board as the point of taper initiation. It is also 
possible that the tapered blades, in effect, dis- 
tribute the vorticity along the blade, and the re- 
sults shown for the experimentally determined source 
location are from only the strongest of the vortex 
encounters. Whatever the cause of the poor perfor- 
mance of the free-wake analysis, it is clearly evident 
that future effort needs to be applied to understand 
nonrectangular-blade wake geometries, particularly 
vortex formation. 

Conclusions 

The results of a model rotor acoustic test in the 
Langley 4- by 7-Meter Tunnel were used to evaluate 
a free-wake analytical technique. The acoustic data 
were examined in detail for blade-vortex interaction 
(BVI) acoustic waveform characteristics. These re- 
sults were used in an acoustic triangulation technique 
to define the location in the rotor disk of the noise 
source. These locations, along with the results of the 
free-wake analysis, were used to define the geometry 
of the BVI phenomena as well as to determine if the 
free-wake analysis is a capable diagnostic tool. Some 
of the conclusions are summarized as follows: 

1. Those BVI’s of sufficient strength to  be iden- 
tified (so that the source location routine could be 
utilized) were caused by a vortex which, before inter- 
action, had been above the path of the blades over 
the front portion of the rotor disk. The interaction 
occurred when the vortex was pulled down through 
the rotor disk. 

2. Correlation of the free-wake analysis with the 
source-location data provided confidence in the anal- 
ysis as a diagnostic tool for the standard rotor sys- 
tem. Care should be taken in applying the analysis 
to rotor systems for which the input assumptions are 
not strictly applicable. The results for the advanced 
rotor system (i.e., with tapered blades) did not cor- 
relate well with the wake-geometry predictions, and 
the error may have been caused by the selection of 
the location defining where the vortex trailed from 
the rotor blade. 

3. The analytical results for the rotor-wake ge- 
ometries indicated that retreating-side BVI was 
likely; however, the source location only identified 
source mechanisms in the first quadrant of the ro- 
tor disk. The triangulation technique requires pre- 
cise identification of the same BVI in the data of at 
least three microphones. The retreating-side BVI, 
if present, was not of sufficient magnitude to meet 
these criteria. 

NASA Langley Research Center 
Hampton, VA 23665-5225 
December 10, 1986 
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Table I. Rotor Characteristics 

Microphone 
locat ion 

2 
4 
6 
7 
8 

Number of blades . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

2, ft Y, ft 2, ft 
-1.558 2.215 -2.493 
- 10.742 7.083 -.558 
- 11.250 3.793 -5.666 
-11.250 -.167 -5.656 
-11.250 -4.377 -5.666 

Airfoil section: 
SRS . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . NACA0012 
ARS . . , . . . . . . . . . . . . . . . . . . . RC (3)- 12, RC( 3)- 10, RC( 3)-08 

Radius, ft . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . 6.00 

Blade chord: 
SRS,in. . . . . . , . . . . . . . . . . . . . . . . . . . . . . , . . 5.25 
ARS, in. . . . . . . . . . . . . . . . . . . . . . . , . . . . . 2.21 to 6.62 

Twist: 
SRS, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -10.9 
ARS, deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . -14.0 

Planform solidity: 
SRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.04642 
ARS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.04863 

Root cutout. ft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.5089 

Table 11. Microphone Locations Relative to Rotor Hub 
With Model at  Angle of Attack of 0' 
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Appendix 

Acoustic Data and Source Location 

The acoustic data and results of source-location 
calculations presented in this report are grouped 
into two categories-cascade-style plots of time his- 
tories for selected microphones and rotor test con- 
ditions (figs. A1 to A l l )  and the complete set of 
source-location results for both rotors and for all test 
conditions at which distinct blade-vortex interaction 
(BVI) was discernible (figs. A12 and A13). The ar- 
rangement of the data plots is in the following format: 

Figure 
Time history for standard rotor system at: 

p = 0.104 and CT = 0.00313 . . . . . . A1 
p = 0.103 and CT = 0.00363 . . . . . . A2 
p = 0.115 and CT = 0.00313 . . . . . . A3 
p = 0.115 and CT = 0.00364 . . . . . . A4 
p = 0.124 and CT = 0.00317 . . . . . . A5 
p = 0.135 and C, = 0.00320 . . . . . . A6 
p = 0.135 and CT = 0.00361 . . . . . . A7 
p = 0.155 and CT = 0.00355 . . . . . . A8 

p = 0.125 and CT = 0.00312 . . . . . . A9 
p = 0.145 and CT = 0.00308 . . . . . . A10 
p = 0.156 and CT = 0.00359 . . . . . . A l l  

Time history for advanced rotor system at: 

Source-location results for: 
Standard rotor system at p = 0.103 to 0.186 

Advanced rotor system at p = 0.103 to 0.187 
and CT = 0.00313 to 0.00365 . . . . . . A12 

and CT = 0.00308 to 0.00361 . . . . . . A13 

The time history cascade plots are presented in 
a manner which shows the variation of the time his- 
tory for 1/2 revolution as the simulated descent an- 
gle is varied from a climb condition to a large de- 
scent value. For clarity in the figures, not all the 
data collected that were usable in the source-location 
calculations are presented. In each part of fig- 
ures A1 to A l l ,  BVI impulses have been identified as 
A, B, or C. These particular impulses are also specif- 
ically identified in the polar coordinate plots of the 
source-location data in figures A12 and A13. 

The source-location data in figures A12 and A13 
are presented in polar coordinate form, where the 0' 
azimuth is the position in the rotor disk as viewed 
from above the tail of the helicopter. The symbols 
plotted are for BVI impulses throughout the range of 
descent angles at that particular advance ratio and 
thrust coefficient. For instance, in figure A12(a), BVI 
impulses A and B are the direct results of the calcu- 
lations from the propagation time measurements for 
BVI impulses A and B in figures Al(a)  t o  Al(c). 
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